Abstract
Methods
A total of 258 patients with symptomatic severe AS (indexed aortic valve area (AVA) 
Results
There were 53 deaths (20.5%) at 1-year. RVL 7.95ml/m 2 had a sensitivity of 60.4% and specificity of 75.1% for identifying all cause mortality at 1-year post-TAVR and provided better specificity than MG<40 mmHg, AVA>0.75cm 2 , %SWL 25% and Zva>5mmHg/ml/m 2 despite equivalent or better sensitivity. In multivariable Cox analysis, RVL 7.95ml/m 2 was an independent predictor of all cause mortality (HR 3.2, CI 1.8-5.9; p<0.0001). RVL 7.95ml/m 2 was predictive of all cause mortality in both low flow and normal flow severe AS. 
Introduction
Transcatheter aortic valve replacement (TAVR) has redefined the treatment strategy of patients with severe aortic stenosis (AS) [1] , [2] . Randomized clinical trials have demonstrated that TAVR results in a dramatic improvement in survival in surgically inoperable severe AS patients, and an equivalent or better survival in intermediate and high risk surgical patients compared to surgical aortic valve replacement (AVR) [1, 3, 4] . While the majority of AS patients improve after TAVR, there remains a significant proportion of patients who fail to benefit [1, 4] . Patients undergoing TAVR have a high prevalence of concomitant co-morbidities, which can reduce their life expectancy despite a successful TAVR procedure. Confirmation of the presence of hemodynamically severe AS is essential to identify those patients most likely to benefit from TAVR. However, the standard hemodynamic indices used to determine AS severity, particularly mean transvalvular pressure gradient (MG) and aortic valve area (AVA), are highly dependent on the patient's hemodynamics at the time of the diagnostic evaluation. MG and AVA are influenced by left ventricular (LV) function, transvalvular flow, and blood pressure, and can incorrectly reflect disease severity [5] [6] [7] . Alternative indices have been studied and proposed to evaluate AS severity [8] [9] [10] [11] . Percent stroke work load loss (%SWL), the amount of energy lost ejecting blood across the stenotic aortic valve as a function of the total LV work produced, better predicted clinical outcome than MG and AVA in patients with asymptomatic AS [9] . Valvuloarterial impedance (Zva), a measure of the global left ventricular (LV) afterload, better predicted clinical outcome in patients with asymptomatic severe AS [8, 11] , as well as patients undergoing TAVR [12, 13] .
In AS patients, global LV afterload is a composite of valvular and arterial loads. The index Zva, although predicting patient prognosis, does not distinguish the magnitude of the loads attributable to the valvular or arterial components. Since TAVR only relieves valvular load, little benefit is likely to be realized in those AS patients with a high global LV afterload in which the vascular load dominates. In contrast, AS patients with a predominant valvular load would be expected to realize the greatest benefits following TAVR. Since MG provides a measure of valvular load and Zva of global LV load, the ratio of MG to Zva reflects the relative contribution of the valvular load as a function of global LV load. We hypothesized that this novel hemodynamic index, the ratio of MG to Zva, or "Relative Valve Load (RVL)" would predict the outcome of AS patients following TAVR and provide superior predictive value compared to conventional hemodynamic indices of AS severity. Patients with a larger RVL, in whom there is a relatively greater contribution of valvular load to the global LV load, would be expected to have the greatest benefits following TAVR.
Method

Patient population
A total of 303 patients underwent TAVR at the University of Ottawa Heart institute (UOHI) between February 2007 and October 2014. All patients considered for TAVR undergo comprehensive clinical, laboratory, echocardiographic and angiographic assessment. Each case is reviewed at a TAVR heart team rounds consisting of interventional and imaging cardiologists, cardiac surgeons, radiologists and a geriatrician. The decision to proceed with TAVR or surgical aortic valve replacement (SAVR) is based on the operative risk assessment and anatomic considerations. In patients undergoing TAVR, baseline demographic, clinical, echocardiographic, and angiographic data are collected in a dedicated TAVR database. Patients have clinical follow-up to one year.
Of the 303 symptomatic patients who underwent TAVR, 21 patients were excluded because of incomplete echocardiographic data to calculate the indices of AS severity (i.e. no blood pressure measurement at the time of echocardiographic assessment, no measurable LV outflow tract (LVOT) velocity or diameter) "Fig 1" . Of the remaining 282 patients with complete echocardiographic data, 24 patients were excluded because the lesion was predominantly aortic regurgitation (!3+AR) (n = 10), the patient underwent valve-in-valve TAVR (n = 3), the patient suffered an intraprocedural death (n = 3), or because of intraprocedural conversion to surgical AVR (n = 8 
Echocardiography examination
All patients had a comprehensive baseline 2D and Doppler echocardiogram prior to the TAVR procedure [14] . LVOT diameter was measured in mid-systole in the parasternal longaxis view using the inner-edge to inner-edge technique, immediately adjacent to the aortic leaflet insertion and parallel to the valve plane. LVOT velocity was recorded using pulsed Doppler in the outflow tract just proximal to the aortic valve using an anteriorly angulated apical 4-chamber view. Velocity curves that demonstrate spectral broadening at peak ejection were excluded. Transvalvular velocity was measured with continuous wave Doppler using the window with the highest velocity. The left ventricular ejection fraction was calculated using the biplane Simpson method. All measurements were averaged from at least 3 cardiac cycles in patients with sinus rhythm and at least 5 consecutive cardiac cycles in patients with atrial fibrillation. Doppler-echocardiographic indices of AS severity. Left ventricular outflow tract crosssectional area (CSA LVOT ) was calculated from the LVOT diameter using a circular assumption. Stroke volume was calculated as [15] :
where SV is stroke volume and VTI LVOT is the LVOT velocity time integral. Stroke volume index (SVI) was calculated by indexing SV to the body surface area.
Peak transvalvular pressure gradient (PG) was calculated using the peak transvalvular velocity (V max ) and LVOT velocity (V LVOT ) using the modified Bernoulli equation [14] :
MG was obtained by averaging instantaneous pressure gradients over the ejection period. AVA was calculated using the continuity equation [16] :
where VTI AS is transvalvular velocity time integral. Percent left ventricular stroke work loss (%SWL), the amount of work lost ejecting blood across the stenotic aortic valve as a function of left ventricular work produced, was derived as [5] :
where LVP mean is mean left ventricular systolic pressure, derived by adding the systolic cuff blood pressure (SBP) and MG. Valvuloarterial impedance (Zva) was calculated as [8] :
The relative contribution of the valve load as a function of the global left ventricular load, or "Relative Valve Load (RVL)" was calculated as:
TAVR procedure
TAVRs were performed by a heart valve team consisting of an interventional cardiologist, cardiac surgeon and cardiac anesthesiologist. Balloon expandable Edwards Sapien (Edwards Lifesciences, Irvine, CA) and CoreValve (Medtronic, Inc., Minneapolis, MN) prostheses were implanted based on anatomic and procedural considerations. Prosthetic size selection was based on the aortic annulus dimensions obtained by multi-slice computer tomography and/or transesophageal echocardiography. Access site was primarily by transfemoral approach (n = 230). In patients with severe peripheral vascular disease, a transapical (n = 17) or transaortic (n = 11) approach was used. The procedure was performed with the patient under general anesthesia, and guided by transesophageal echocardiography and fluoroscopy. Procedural success was defined as the successful implantation of a functioning aortic prosthesis without intraprocedural mortality.
Clinical outcome
The primary endpoint was the predictive value of RVL for overall mortality at 1 year. Secondary endpoints were the predictive value of RVL for cardiovascular mortality at one year and the composite endpoint of overall mortality and need for re-hospitalization for heart failure or cardiogenic shock at 1 year.
Statistical analysis
Statistical analyses were performed using SAS 9.4. Continuous variables are presented as the mean±SD (for normally distributed data) or as the median and interquartile range when the data is not normally distributed. Continuous variables were compared by unpaired Student's t-tests or the Wilcoxon rank-sum test. Categorical variables are presented as counts and percentages and compared using Chi Square or Fisher's exact test. Receiver operator characteristic curves (ROC) were created for the indices of AS severity and hemodynamic parameters and the primary and secondary outcomes. Cut-off values for chi square test comparisons were selected based on values previously reported in the literature to be associated with a good prognosis in medically managed AS patients or a poor prognosis in AS patients undergoing valve replacement: MG<40mmHg [17] [18] [19] [20] , AVA>0.75cm 2 [21] , %SWL 25% [9] , Zva>5mmHg/ml/m 2 [13] , and SVI 35ml/m 2 [18, 19, 22, 23] . For RVL, the cut-off value was selected as the point of combined maximal sensitivity and specificity for the primary outcome of all cause mortality based on Youden index (J), where J = Sensitivity + Specificity-1.
Time to event data was compared using the log rank test and Kaplan-Meier curves were generated. Univariable analysis and multivariable analysis were performed to identify independent determinants of all-cause mortality. The Cox proportional-hazards model was used to adjust for variables found to have a p-value less than 0.1 in the univariable analysis. These included LVEF 40%, atrial fibrillation and the Euroscore II. Estimates of the hazard ratios and their 95% confidence intervals were calculated. Two-sided P values <0.05 were considered statistically significant.
Results
Baseline characteristics
The baseline demographics and hemodynamic findings in the 258 patients with hemodynamically severe AS, AR 2+ and successful implantation of the TAVR prosthesis are shown in " Table 1" and "S1 Table" . The average age was 84.4±6.5 years (50% male). MG was 45.3±15.0mmHg and AVA was 0.69 ± 0.17cm 2 . The median Euroscore II was 5.4% (IQR 3.2-9.9%).
All cause mortality at 1-year post-TAVR
Fifty-three patients (20.5%) died at 1-year post-TAVR. Of the 53 deaths, 26 (49.1%) had a cardiovascular cause, 22 (41.5%) had a non-cardiac cause, and in 5 (9.4%) the cause of death could not be defined. The clinical and echocardiographic characteristic of the patients who died and survived at 1-year post-TAVR is summarized in "Table 1". On ROC analysis, RVL had the largest area under the curve (AUC = 69.3%) for the prediction of all cause mortality at 1-year post-TAVR " Table 2 ". The AUC for RVL was significantly greater than that observed for AVA (p = 0.003), %SWL (p = 0.008) and Zva (p = 0.032), but not statistically larger than MG (p = 0.165) or SVI (p = 0.32) " Table 2 ". The best cut-off value for predicting all cause mortality at 1-year post-TAVR was an RVL 7.95ml/m 2 , which provided a sensitivity and specificity of 60.4% and 75.1%, respectively " . When adjusting for these variables in Cox proportional hazard model, RVL continued to show statistical significance as a predictor of all cause mortality 1-year post-TAVR (HR 3.2, CI 1.8-5.9; p< 0.0001).
Kaplan-Meier survival curves for the two most specific indices (RVL and SVI) for predicting all cause mortality are shown in "Fig 2" . Survival at 1-year post-TAVR was 88.0% for patients with RVL>7.95ml/m 2 and 61.4% for patients with RVL 7.95ml/m 2 (27% margin of difference, p<0.0001). Using an SVI cut-point of 35ml/m 2 , the margin of difference for all cause mortality at 1-year post-TAVR was smaller at 18% (p = 0.0005). 
Cardiovascular mortality 1-year post-TAVR
Cardiovascular death occurred in 26 patients 1-year post-TAVR. RVL had the largest AUC for predicting cardiovascular mortality 1-year post-TAVR (AUC = 75.0%) " Table 5 
All cause mortality or cardiovascular re-admission at 1 year
At 1-year post-TAVR, 82 patients either died or required re-hospitalization for heart failure or cardiogenic shock. RVL had an AUC of 61.7% " Table 7 ". RVL 7.95 ml/m 2 had a sensitivity of 43.8% and a specificity of 73.3% for the combined endpoint 1-year post-TAVR " Table 8 
Discussion
The main finding of this study is that the novel hemodynamic index, RVL, can be used to predict the outcome of AS patients following TAVR. Pre-procedural RVL was a strong predictor of all cause mortality, cardiovascular mortality and the combined outcome of all cause mortality and re-hospitalization for heart failure or cardiogenic shock 1-year post-TAVR. RVL 7.95ml/m 2 provided a better prediction of all cause mortality and cardiovascular mortality at 1 year with an improved specificity compared to that obtained with conventional hemodynamic indices of AS severity, MG and AVA, as well as other proposed hemodynamic indices such as Zva and %SWL. Furthermore, RVL maintained its predictive value in patients with both normal and low flow severe AS. Progressive left ventricular pressure overload, whether from a valvular load, arterial load or combined process, will eventually lead to left ventricular failure [10] . Zva provides an approximation of the global LV afterload and has been shown to be associated with the presence of LV systolic and diastolic dysfunction, as well as clinical outcomes in patients with moderate and severe AS [8, 11] . However, TAVR only relieves the valvular load, and the benefits of a TAVR may be limited in the AS patient in whom a high LV afterload relates predominantly to an arterial load [13] . In addition, the hemodynamic indices used to determine AS severity are influenced by the arterial load, potentially affecting the conclusion as to the severity of the valve stenosis and the benefits of TAVR [6, 24] . An increase in arterial load can result in the stenosis appearing less severe when evaluated by MG, but more severe when evaluated by AVA [6, 24] . If AVA is given preference during the assessment, the presumed benefits of TAVR may be overestimated. In contrast, preference to MG can lead to a potential underestimation of the benefits. RVL provides a measure of the valvular load as a relative proportion of the global LV afterload. Thus, patients with a higher RVL would be expected to realize a greater benefit from TAVR in comparison to those with a smaller RVL in whom the valve has a relatively smaller contribution to the global LV load. In this study, RVL 7.95ml/m 2 was able to predict an adverse outcome following TAVR, providing a better specificity for overall mortality and cardiovascular mortality at one year compared to MG<40mmHg, AVA>0.75cm 2 , %SWL 25% and Zva!5mmHg/ml/m 2 , with an equivalent or better sensitivity. In this regard, RVL appears to be a useful measure to help identify which patients may fail to benefit from TAVR.
An important finding of our study is the confirmation of the strong predictive value of SVI on 1-year all cause mortality and cardiovascular mortality following TAVR. SVI has been shown to be an important predictor of survival in patients with native AS, and more recently, in AS patients undergoing surgical AVR and TAVR [18, 19, 22, 23, 25, 26] . The presence of low flow, defined as a SVI<35ml/m 2 , is associated with worse outcomes [18] [19] [20] 22, 23, 26] . Thus, SVI should be strongly considered when evaluating a patient for TAVR. However, while a reduced SVI may be prognostically important, it is a measure of transvalvular volume flow that in isolation does not provide information on the hemodynamic severity of the valve stenosis, may not be caused by severe AS, but rather, may be a manifestation of a coexisting condition (i.e. coronary artery disease, hypertension, etc). In contrast, RVL provides information on the severity of the valve stenosis (relative contribution of the valve load to the total LV load), as well as the prognosis following valve intervention, potentially providing a better index for deciding on the benefits of valve intervention. Importantly, we observed that RVL 7.95ml/m 2 provided a higher specificity for all cause mortality at 1-year post-TAVR, and a trend for a better specificity for cardiovascular mortality (p = 0.1), compared to SVI 35 ml/m 2 . Further studies are warranted in a larger population to confirm the incremental benefit of RVL beyond SVI. Patients with low flow AS represent a challenging subset to manage as there is often uncertainty as to the benefits of valve intervention [27] . In low flow AS, the "true" severity of the valve stenosis is often unclear, the prognosis of patients is generally worse than normal flow AS, and valve intervention is associated with higher risks [7, 18, 19, 22, 27] . Clinicians may underestimate the benefits of TAVR because the MG is small, or alternatively, overestimate the benefits because the small AVA relates to the phenomena of pseudo-severe AS. Zva is flowdependent and cannot distinguish between true and pseudo-severe AS, or the extent to which the valve accounts for the global LV load [28] . %SWL is also strongly dependent on flow and may underestimate AS severity under low flow conditions [5] . An important finding of our study is that RVL provided a robust predictor of all cause mortality at 1-year post-TAVR in the subgroup of patients with both normal and low flow AS.
Limitations
This is a single center study and the number of events at 1 year (53 deaths) limits our ability to identify potential interactions and associations of RVL with other factors affecting mortality. While the results are promising, this index should be validated in a larger TAVR population before we can recommend its incorporation into clinical decision-making.
Frailty is an important predictor of outcome following TAVR, but was not objectively measured in this population. We cannot exclude the possibility of an association between frailty and RVL in our study cohort.
Data on valve efficacy at 1 year was not available to determine the relative impact of valve device performance on patient outcome. However, only 7 patients had >2+AR after valve implantation and data from multicenter clinical trials suggest an excellent valve durability at one year [29, 30] .
Conclusion
In AS patients undergoing TAVR, the pre-procedural hemodynamic index, RVL, provides a strong predictor of all cause mortality and cardiovascular mortality at 1-year post-TAVR. RVL 7.95ml/m 2 identifies AS patients at increased risk for death 1 year post TAVR and can predict outcome in patients with both normal and low flow AS. If validated in a larger patient population, RVL may provide a useful index for individual clinical decision-making on the benefits of TAVR. 
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